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1 Introduction 

1.1 The Hepatitis C Virus 
At a World Health Organization meeting in 1974, it was reported that hepati-
tis was continuing to occur in patients who had received blood-transfusions, 
despite the fact that the blood had been screened for the pathogen hepatitis 
B. A year later, it was revealed that this antigen-negative transfusion-
mediated hepatitis was of neither type A nor B, nor caused by cytomegalovi-
rus or Epstein-Barr virus, and was thereafter designated non-A, non-B hepa-
titis.1 This unknown viral agent was cloned in 1989 and has since been re-
ferred to as hepatitis C virus (HCV).2 

1.1.1 Transmission and Prevalence 
The global prevalence of HCV is shown in Figure 1. 

 
Figure 1. Estimates of the prevalence of HCV infection from the World Health Or-
ganization Global Burden of Disease Study.3 Reproduced with kind permission of 
the author. 
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HCV primarily infects the liver and is the major reason for liver transplanta-
tions in the Western world.4 However, replication has also been detected in 
other organs such as the central nervous system5 and in lymph nodes.6 The 
disease is transmitted mainly by unscreened blood transfusions, injection 
drug abuse and other unsafe therapeutic injections, or by tattoos and pierc-
ings. In 1990, a blood screening test was developed and since then transmis-
sion through blood transfusions has virtually been eliminated, at least in the 
developed countries. HCV is difficult to transmit other than by contact with 
contaminated blood. Thus, mother to infant and sexual transmission are not 
likely to be major causes of new HCV infections.7-8 

Today, an estimated 130-200 million people are infected by HCV world-
wide, and more than 350,000 people die from HCV-related disease every 
year.9 The global prevalence varies, with the highest rates of prevalence 
being noted in Africa and Eastern Asia. In Egypt, at least 14% of the citizens 
are infected with HCV, which makes it the country with the highest preva-
lence of HCV in the world. This is the result of a large vaccination campaign 
against schistosomiasis, a parasitic worm, which was performed from the 
1950s to the early 1980s. The parasitic worm was successfully eradicated, 
but widespread HCV infection emerged due to the reuse of syringes and 
poor sterilization.10 

At least six genotypes of HCV exist, each containing a variable number of 
subtypes. These are also spread unevenly around the world, with genotypes 1 
and 2 being most common in the Western countries, whereas genotypes 3 
and 6 are the most common in Southern and Eastern Asia. Genotype 4 is 
most common in central Africa.9,11 

Within an individual, the viral genome is not defined as a single sequence 
but as a number of closely related sequences called quasispecies, which are 
constantly changing. Thus, the virus is constantly redefining itself.12 

1.1.2 Progression and Symptoms of HCV Infection 
Initially, infection with HCV is often asymptomatic. After 1 to 2 weeks, 
during the acute infection phase, HCV RNA appears in the plasma, followed 
by an elevation in serum alanine aminotransferase levels which is an indica-
tion of liver damage.7,13 Symptoms that can be experienced during this phase 
includes flu-like symptoms such as fatigue and loss of appetite, skin rashes 
and jaundice.13 Since the symptoms are diffuse and easily mistaken for other 
diseases, infected individuals seldom seek medical care at this stage. 

Spontaneous recovery and clearance of HCV RNA is seen in around 20% 
of those infected, while about 80% remains chronically infected (Figure 2).9 
A chronic infection can remain stable and asymptomatic for decades, and 
chronically infected individuals may not be aware of the surreptitious liver 
disease they carry.14 
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Figure 2. Possible outcomes of an HCV infection. 

Progression to liver cirrhosis occurs after 10-20 years in around 15% of 
those infected. The clinical symptoms may still be diffuse, but become clear 
over time with fibrosis and scarring of the liver resulting in a swollen abdo-
men and jaundice, as well as a build-up of toxins in the blood. In cases of 
severe cirrhosis, the patient reaches end-stage liver disease when liver trans-
plantation is required. Unfortunately, reinfection of the new graft occurs in 
almost all patients.15 In 1-5% of cirrhotic patients the infection progresses to 
liver cancer9 with death as a possible outcome. 

There is no clear indication of what causes the chronicity and severity of 
disease in certain individuals while others exhibit spontaneous clearance. 
However, there is reliable evidence that excessive alcohol intake and co-
infection with hepatitis B virus or human immunodeficiency virus (HIV) 
increase the risk of developing liver cancer.14 

1.1.3 The Viral Life Cycle 
The hepatitis C virus belongs to the Flaviviridae family of the Hepacivirus 
genus, and is a small RNA virus containing single stranded (+) RNA encap-
sidated by a nucleocapsid and envelope glycoproteins.16 A schematic repre-
sentation of the HCV viral life cycle is outlined in Figure 3,17 and briefly 
described below. 

The virions circulating in plasma are often aggregated to serum lipid pro-
teins of low- and very low density. These aggregates have been suggested to 
play a central role in virus assembly and cell entry. Attachment to the hepa-
tocyte (a) is mediated by low-density lipoprotein receptors and glucosami-
noglycans.17 Entry into the hepatocyte (a) is mediated by several entry fac-
tors, i.e. scavenger receptor type B1 (SR-B1), the tight junction proteins 
claudin-1 and occludin and CD81.18-19 The HCV enters the cell in a low-pH 
compartment20 and goes through an uncoating process, which leads to the 
release of viral RNA into the cytoplasm (b). The RNA strain contains 9600 
nucleotides and is of positive sense. The open reading frame is flanked by 5´ 
and 3´ non-coding regions. Translation of the genome, which occurs in ri-
bosomes at the endoplasmic reticulum (ER) (c), generates a viral polypro-
tein, which is processed (d) both cotranslationally and posttranslationally by 
cellular and viral proteases at the level of the ER.16 
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Figure 3. Schematic representation of the HCV life cycle.17 Attachment and entry 
into the hepatocyte (a); release of (+) RNA into the cytoplasm (b); translation (c); 
polyprotein processing (d); replication (e, f); assembly and packaging (g); virion 
maturation and release (h). 

The viral proteins released are needed for replication of the virus and struc-
tural build-up of the new virus particles, and are further described in Section 
1.1.4. 

Replication of the genome (e, f) proceeds by assembly of the viral pro-
teins needed for replication, forming a replication complex at the membra-
nous web.21 Replication starts with the synthesis of a complementary nega-
tive-sense RNA strand, which serves as a template for the positive sense 
RNA that is to be incorporated into the new virus particles. Little is known 
about the later stages of the viral life cycle, but assembly and packaging (g) 
are probably mediated by non-structural proteins, and the release of new 
virion (h) probably occurs through the secretory pathway.17 

1.1.4 The Viral Proteins 
Translation of the HCV genome in the ER generates a polyprotein of 3000 
amino acids. The polyprotein contains a structural region and a non-
structural region and hosts 10 viral proteins that are involved in the structural 
build-up and replication of the virus. The organization of the HCV polypro-
tein is depicted in Figure 4, and the functions of the viral proteins are de-
scribed below. 
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Figure 4. Schematic representation of the organization of the HCV polyprotein. 
Processing of the polyprotein is mediated by host cell enzymes (straight arrows), the 
NS2 protease and the NS3 protease (curved arrows). 

The core protein (C) constitutes the N-terminal part of the polyprotein from 
which it is cleaved by host cell proteases. It is localized mainly on the sur-
face of the ER or bound to lipid droplets in the cytoplasm. The main function 
of the core protein is to form the nucleocapsid shell of virus particles.22 

E1 and E2 are envelope proteins that, together with C, build up the outer 
structure of the virion. They are involved in attachment and entry into the 
host cell, but also play a major role in viral particle assembly.16 

The p7 protein forms an ion channel, which is involved in the secretion of 
infectious virus particles.23 

The NS2 protease was initially described as a metalloprotease,24 but was 
later revealed to be a dimeric cysteine protease that requires zinc.25-26 The 
exact function of the NS2/3 protease is not yet fully understood, but it can be 
regarded as a “timer” that controls downstream viral polyprotein 
processing.27 

NS3 is a bifunctional protein that harbors two enzymes with protease and 
helicase/NTPase activities. The NS3 protease is responsible for cleavage of 
all the downstream proteins of the polyprotein.28 The function of the NS3 
helicase is not fully understood, but it may be involved in RNA synthesis by 
unwinding duplex RNA. There are also indications of interdependency be-
tween the NS3 protease and the NS3 helicase since they enhance each 
other’s enzymatic activities.29 

The NS4A protein functions as a cofactor to the NS3 protease, whereby 
NS4A enables and enhances efficient processing of the downstream viral 
proteins.28  

The function of the NS4B protein is often described as unknown. How-
ever, there are indications that NS4B is necessary for the formation of the 
membranous web in which HCV replication occurs, and may thus be an 
important key player in the replication machinery.27 

NS5A is another viral protein with an unclear function. It is known that 
NS5A is a phosphoprotein with important roles in replication processes, 
modulation in host cell physiology and viral persistence.30-31 

NS2 NS3 4A 4B NS5A NS5BE1 E2 p7

Structural
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The NS5B protein constitutes an RNA-dependent RNA polymerase and is 
responsible for replication using the genome as a template for the synthesis 
of a complementary (-) RNA strand, which is subsequently synthesized to 
form a genomic (+) RNA strand.16 

1.2 Drug Targets for Direct-Acting Anti HCV Therapy 
Research and understanding of the hepatitis C virus was initially hampered 
by the lack of infectious animal- and cell models. With the development of a 
replicon system (further described in Section 5.1.3),32 and an infectious cell 
culture,33 knowledge about HCV, and ways of combating it have grown rap-
idly. As mentioned above, HCV is dependent on several host cell and viral 
factors to enable vital processes from cell entry to polyprotein processing 
and replication. Moreover, HCV does not integrate into the genome of the 
host cell, making it a potentially eradicable pathogen.18 

Direct-acting antiviral therapy targets the virus and its components and 
has the benefits of high efficiency and specificity. However, considering the 
rapid replication and mutability of HCV, there is a risk that direct-acting 
antiviral therapy may lead to the selection of resistant virus variants.34 

Virtually every viral protein is a potential target for anti-HCV therapy, 
and extensive research has been carried out on many of them.18,30,35 Apart 
from the NS3 protease, the most studied antiviral target is the NS5B poly-
merase, where several inhibitors are in Phase II clinical trials.36  

The NS5A phosphoprotein has recently emerged as a very promising tar-
get after the discovery of BMS-790052 by Bristol-Myers Squibb. To date, 
this is the most potent inhibitor of an HCV replicon (Figure 5).37 

 
Figure 5. BMS-790052, the most potent inhibitor of HCV replication found to date. 

Other targets that have been described are host related, such as SR-B1 and 
CD81 required for viral entry, and cyclophilins required for HCV replica-
tion.18 
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1.2.1 The NS3 Protease 
Because of its central role in the replication cycle, the NS3 protease is one of 
the most well studied targets for anti-HCV therapy. To date, it is the only 
HCV target for which inhibitors have been approved and released on the 
market. 

The NS3 protease constitutes the N-terminal third of the NS3 protein and 
is a chymotrypsin-like serine protease that is stabilized by tetrahedral coor-
dination to a Zn2+ ion.38-39 The NS3 protease is responsible for intramolecu-
lar cis proteolysis of the NS3/4A site and intermolecular trans proteolysis of 
the NS4A/4B, NS4B/5A and NS5A/5B sites.28,40 

For proteases in general, the Schechter-Berger nomenclature is used to 
describe protease-substrate interactions.41 The positions of the substrate side 
chains are numbered relative to the cleavage site, and are designated P3, P2, 
P1 at the N-terminal side of the scissile bond and P1´, P2´, P3´on the C-
terminal side. The corresponding subsites of the protease are denoted as S3, 
S2, S1, S1´, S2´, and S3´ A schematic picture describing this is given in Figure 
6. 

 
Figure 6. A schematic outline of protease-substrate interactions. The side chains of 
the substrate (P) are numbered according to their positions relative to the cleavage 
site defined by the scissile bond. The corresponding subsites of the protease are 
denoted S. 

1.2.1.1 Function and Characteristics of the NS3 Protease 
The catalytic mechanism of serine proteases involves a catalytic triad com-
posed of the amino acids histidine (His), aspartic acid (Asp), and serine (Ser) 
ideally positioned in the catalytic site. For the HCV NS3 protease these resi-
dues are denoted His57, Asp81 and Ser139. The general mechanism for sub-
strate cleavage of serine proteases is outlined in Figure 7. 
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Figure 7. General mechanism for serine protease substrate cleavage. (a) Substrate 
binding to the active site, and attack of the activated serine at the P1 carbonyl, fol-
lowed by (b) breakdown of the tetrahedral intermediate and formation of a covalent 
acyl complex. The C-terminal cleavage product, which is protonated by His57, is 
then liberated. (c) Attack by water on the acyl complex gives the second tetrahedral 
intermediate. (d) Breakdown of the tetrahedral intermediate and protonation of 
Ser139 by His57 generates the N-terminal cleavage product (e).42 

Initially, the substrate binds to the active site exposing its P1 carbonyl to the 
catalytic serine hydroxyl, which is activated by the hydrogen bonding net-
work of Asp81 and His57. After nucleophilic attack from Ser139, a tetrahe-
dral intermediate is formed, in which the oxyanion is stabilized by hydrogen 
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bonding to the backbone NH of Ser139 and Gly137 which constitutes the 
oxyanion hole (a). 

Breakdown of the tetrahedral intermediate releases the amine C-terminal 
cleavage product, which is protonated by His57 (b). 

The resulting covalent acyl complex is attacked by water, activated by 
His57, generating a second tetrahedral intermediate (c). 

Breakdown of the second tetrahedral intermediate liberates the catalytic 
serine, which is protonated by His57 (d), leading to the formation of the 
carboxy N-terminal and a reformed catalytic triad.42 

In 1996, the first three-dimensional structures of the NS3 protease43 and the 
NS3 protease complexed with a cofactor resembling NS4A38 were solved. 
They revealed that the NS3 protease had structural similarities to other chy-
motrypsin-like serine proteases in terms of the location of the catalytic triad 
and large amounts of residues. However, the protease appeared to possess an 
extraordinarly shallow, solvent-exposed substrate-binding channel, which 
was short and had few interaction points for the binding substrate.38 

The crystal structure of the full-length NS3 protein (Figure 8) revealed 
that the protease domain and the helicase domain are covalently connected 
by a short solvent-exposed strand and that the catalytic site is positioned at 
the protease interface between them. Together, the two enzymes can thus 
compensate for the lack of substrate interaction points in the protease.39 

There are a few conserved residues in all polyprotein substrates of the 
NS3 protease. A negatively charged amino acid, either Asp or glutamic acid 
(Glu), is present in the P6 position of all cleavage sites. The P1 position is 
occupied by a cysteine (Cys) in all sites except NS3/4A, where a threonine 
(Thr) is present. The P1´ position contains a Ser or alanine (Ala). Thus, the 
consensus sequence from P6-P1´reads Asp/Glu-X-X-X-X-Cys/Thr-scissile 
amide bond-Ser/Ala, where X can be any amino acid. Of these residues, P1 is 
the most important for substrate recognition, where a small hydrophobic 
residue is required for cleavage.44 
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Figure 8. Surface representation of the NS3 protein complexed with the activating 
region of NS4A (pdb code 1CU1).39 The helicase is shown in blue, the protease 
domain in green, and the NS4A activating region in magenta. The P6-P1 cleavage 
product from the NS3/4A cleavage site, which represents the C-terminal of the heli-
case, is shown in yellow. The catalytic triad is shown in red. 

In recent years, several cellular substrates of the NS3 protease have been 
identified.45-48 These substrates are host signal factors involved in the antivi-
ral response of the host cell. Cleavage of these antiviral signal factors con-
tributes to the evasion of the immune system by the virus, and ensures per-
sistent infection and spread of HCV. Thus, inhibition of NS3 not only leads 
to inhibition of further HCV replication, but also to restoration of the im-
mune response. 

A special characteristic of the NS3 protease was discovered in 1998. Re-
searchers from Istituto di Ricerche di Biologica Molecolare (IRBM), Italy 
and Boehringer Ingelheim, Canada, independently discovered that the prote-
ase was inhibited by the hexapeptides of its own cleavage products derived 
from cleavage sites NS4A/4B, NS4B/5A and NS5A/5B (Figure 9).49-50 This 
feature is distinct from other types of serine proteases.51  
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Figure 9. Structures of inhibitory hexapeptides derived from cleavage products from 
the NS4A/4B (A)50 and NS5A/5B (B)49 cleavage sites. 

1.2.2 Development of HCV NS3 Protease Inhibitors 
Proteases play central roles in several infectious diseases, and are often in-
vestigated as drug targets, as exemplified by the number of protease inhibi-
tors in clinical trials.52 Protease inhibitors on the market include inhibitors 
targeting the angiotensin-converting enzyme for treatment of hypertension, 
inhibitors of the HIV protease for the treatment of HIV infection and throm-
bin inhibitors for the treatment of thrombosis.53 

Expectations that HCV proteases would be a suitable drug target grew af-
ter the success in controlling the HIV infection with protease inhibitors.35 
Initially, the HCV NS3 protease appeared to be a very challenging target, 
lacking prominent active-site features, and against which traditional serine 
protease inhibitors proved ineffective. High-throughput screening campaigns 
were also unsuccessful.54 Despite this, the finding of inhibitory hexapeptides 
derived from cleavage products49-50 was encouraging from a drug develop-
ment point of view, since it provided an important starting point for the op-
timization of peptide inhibitors of the NS3 protease. 

Unfortunately, there are drawbacks associated with the use of peptides as 
protease-inhibiting drugs. Since peptides are substrates of proteases, they are 
usually easily protolyzed, rapidly excreted and exhibit poor bioavailability. 
Chemical modifications can be undertaken aimed at designing peptides with 
increased stability and bioavailability to make the peptide less recognizable 
to proteases. 

A lead peptide can be optimized as follows. The most important amino 
acids of the peptide are identified by alanine scanning in which each amino 
acid sequence of the peptide is systematically replaced by an alanine. The 
significance of the N- and C-terminals can be explored by N-terminal acyla-
tion or substitution of the C-terminal with a primary amide. The minimum 
active sequence can then be identified by systematic truncation of the pep-
tide. When the active sequence of the peptide is found, substitutions from a 
natural to an unnatural amino acid or an amino acid with D-configuration can 
increase the stability of the peptide. Another common strategy for increasing 
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stability is the introduction of amide bond replacements. Through macro-
cyclization of the peptide a conformational constraint is introduced which 
decreases the flexibility of the peptide. Ultimately, the peptide is constrained 
in its bioactive conformation, which will lead to a reduced loss of entropy 
upon binding to its biological target. Macrocyclization can also contribute to 
enhancing membrane permeability and increasing the stability of the pep-
tide.55 Peptide scaffolds in which parts of the peptide have been replaced by 
nonpeptide structures with retained or improved biological activity and sta-
bility are referred to as peptidomimetics.56 

A lead optimization process of hexapeptide B, briefly outlined in Figure 10, 
was undertaken by researchers at Boehringer Ingelheim. This process is an 
example of the use of rational drug design which, in 2003, led to the devel-
opment of BILN 2061, the first HCV NS3 protease inhibitor to enter clinical 
trials. 
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Figure 10. An outline of the optimization strategies used by researchers at Boe-
hringer Ingelheim, which led to the discovery of BILN 2061 (Ciluprevir) – the first 
HCV NS3 protease inhibitor to enter clinical trials. 

Initially, the chemically unstable Cys at the P1 position was replaced by the 
more stable norvaline (Nva). Incorporation of unnatural amino acids such as 
a D-Glu at the P5 position, a cyclohexylglycine (Chg) at the P4 position and a 
(4R)-naphthalen-2-yl-methoxyproline in the P2 position gave compound C 
which showed a marked increase in potency compared to the primary 
hexapeptide B.57 From NMR studies of inhibitors interacting with the NS3 
protease domain it was shown that the inhibitors bound to the protease in an 
extended -sheet conformation, and that the P6 and P5 positions did not in-
teract directly with the protease.58 NMR studies also led to the discovery of a 
more optimized 2-aryl-substituted quinolinyl P2 substituent.59 Discovery of 
the P1 (1R,2S)-vinyl aminocyclopropane carboxylic acid (vinyl ACCA)60 
was perhaps what gave the most dramatic improvement in potency. This 
vinyl ACCA has since been widely utilized and has afforded the same dra-
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matic improvement in potency.61 The vinyl ACCA in combination with the 
more optimized P2 quinolinyl substituent enabled truncation of the P6-P4 
positions into more drug-like tripeptidic inhibitors exemplified by D.  

Macrocyclization connecting the P3-P1´ positions was also supported by 
the results of NMR studies and is exemplified by inhibitor E. Crystal struc-
ture analysis of inhibitor E complexed with the NS3 protease and a peptide 
corresponding to the activating region of NS4A suggested that the carboxy-
late group of E binds to the active site of the NS3 protease with one oxygen 
bound to the oxyanion hole and the other forming a hydrogen bond to the 
catalytic His57, explaining the basis of product inhibition.62 Fine-tuning of 
the P2 substituent led to the discovery of BILN 2061, the first inhibitor of the 
HCV NS3 protease to enter clinical trials.63-64 BILN 2061 provided proof of 
concept of HCV NS3 protease inhibitors since it caused a substantial reduc-
tion in HCV RNA plasma levels in humans.64 Unfortunately, clinical trials 
using BILN 2061 were halted due to cardio-toxic effects in rhesus 
monkeys.65 

1.2.2.1 Product-based Inhibitors 
In the wake of BILN 2061, a myriad of HCV NS3 protease inhibitors, some 
of which are outlined in Figures 11 and 13, have been developed and tested 
in clinical trials. Protease inhibitors can be divided into two classes based on 
their mechanism of action: product-based inhibitors and electrophilic inhibi-
tors. 

Product-based inhibitors are those having a carboxylic acid in the C-
terminal, such as BILN 2061 and the N-terminal cleavage product illustrated 
in Figure 7 e). These inhibitors bind non-covalently to the active site of the 
NS3 protease as depicted in Figure 7 e) and exhibit high selectivity for the 
HCV NS3 protease.51 

The exploration of carboxylic acid bioisosteres by our group led to the 
discovery that the introduction of a phenyl acyl sulfonamide at the C-
terminal gave more potent inhibitors than their C-terminal carboxylic acid 
analoges.66 Moreover, the inhibitors that contained a phenyl acyl sulfona-
mide also proved to be highly selective for the HCV NS3 protease.67 At the 
same time, Bristol-Myers Squibb submitted a patent application for tripep-
tidic HCV NS3 protease inhibitors containing acyl sulfonamides.68 

The number of acyl sulfonamide-containing HCV NS3 protease inhibitors 
in clinical trials to date, demonstrates the magnitude of this discovery (Fig-
ure 11). 
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Figure 11. Product-based inhibitors currently in clinical trials. Above: RG7227, 
Danoprevir69-70 and MK-7009, Vaniprevir,71-72 currently in Phase II clinical trials.36 
Below: TMC43573 and BI 201335,74 currently in Phase III clinical trials.36 

As mentioned above, a great deal has happened in the field of HCV since the 
discovery of BILN 2061 in 2003. A literature search revealed that no less 
than 16 companies have been involved in the field, which has resulted in 
between 200 and 300 patent applications. A striking similarity between all 
the inhibitors produced is the use of a P2 proline in combination with a P1 
vinyl ACCA as a central motif (Figure 12). 

 
Figure 12. The central motif in HCV NS3 protease inhibitors consists of a combina-
tion of a P2 proline and a P1 vinyl ACCA. 

1.2.2.2 Electrophilic Inhibitors 
Electrophilic inhibitors are characterized by the possession of an electro-
philic C-terminal group that binds covalently with the catalytic serine. Elec-
trophilic inhibitors are commonly referred to as serine traps and contain 
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groups such as aldehydes, -ketoamides, -ketoesters, trifluoromethyl ke-
tones, pentafluoroethyl ketones, -ketoacids or boronic acids.66,75-76 

Upon binding, which occurs in minutes,77 the keto carbonyl of -
ketoamides forms a covalent but reversible bond with the catalytic serine, 
while the amide carbonyl forms hydrogen bonds with Gly137 and Ser139 of 
the oxyanion hole.78-79 The binding of -ketoacids differs slightly from the 
binding of -ketoamides in that the carboxylate oxygen is involved in hy-
drogen bonding with the catalytic histidine.80-81  

It has been debated whether electrophilic serine traps are suitable in drug 
molecules considering their specificity to other proteases51,67 and nucleo-
philes in the human body. In spite of this, two -ketoamide inhibitors devel-
oped by Vertex and Schering (now Merck) have recently been launched on 
the market. Boceprevir82 and telaprevir79 (Figure 13) were reported to have 
exhibited no selectivity problems.77,79 

 
Figure 13. Two electrophilic -ketoamide HCV NS3 protease inhibitors recently 
released on the market. Boceprevir (VictrelisTM) developed by Schering (now 
Merck) and telaprevir (IncivekTM) developed by Vertex. 

1.3 Current Treatment of Hepatitis C 
HCV treatment can have three outcomes: no response, i.e. the treatment has 
no effect; relapse, i.e. HCV RNA levels increase to the initial level after 
treatment ceases; and sustained virological response (SVR), i.e. HCV RNA 
levels are undetectable 6 months after treatment has ceased.83 

It was noted in 1986 that the antiviral and immunomodulatory agent inter-
feron-  (IFN- ) had beneficial effects in patients with non-A, non-B hepati-
tis.84 After cloning and the discovery of HCV in 1989, IFN-  was approved 
for the treatment of hepatitis C in 1990. The SVR rates were then in the 
range of 12-26%, but increased to 35-45% with the addition of the broad-
spectrum antiviral agent ribavirin (Figure 14). 

 
Figure 14. Chemical structure of ribavirin. 
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Further increases in SVR, up to 54%, were obtained by attaching a polyeth-
ylene glycol (PEG) molecule to IFN- , thereby prolonging its biological 
half-life.85 Since 1990, treatment using a combination of PEG-IFN-  and 
ribavirin taken for 24 to 48 weeks has been considered as the standard of 
care.86 However, the success of this treatment is dependent on viral genotype 
and other factors such as sex, age, body weight and co-infections. For pa-
tients with genotype 1, the SVR ranges from 42-46%, while the SVR for 
patients with genotypes 2 and 3 is 76-80% allowing lower doses of ribavirin 
and shorter treatment time.83,87 However, treatment is still insufficient in a 
great number of patients and is often associated with severe side effects such 
as fatigue, influenza-like symptoms, hematologic abnormalities, and depres-
sion. In clinical trials, it has been reported that withdrawal from treatment 
was required in 10-14% of patients due to adverse events,88 which may re-
flect the discomfort resulting from the treatment. 

With two direct-acting antiviral agents on the market, the probability of SVR 
is further increased. It has been reported that SVR rates increased to 67% in 
patients infected with genotype 1 after treatment with a triple therapy con-
sisting of telaprevir, PEG-IFN-  and ribavirin for 48 weeks.89 The future 
standard of care will thus probably consist of triple therapy using either bo-
ceprevir or telaprevir in combination with PEG-IFN-  and ribavirin. 

1.3.1 Resistance Problems with Direct-Acting Antiviral 
Therapy 

Therapy including direct-acting antiviral drugs has been of great success in 
the treatment of HIV. However, the benefits of antiviral treatment are now at 
risk from the development of drug-resistant viral strains, which has become 
a serious problem in the treatment of HIV.90 

Viral resistance results from substitutions in the amino acid sequence of 
the drug target, thus affecting its sensitivity to the drug. Cross-resistance 
occurs when an amino acid sequence substitution impairs the efficacy of two 
antiviral drugs of different classes but with the same target.91 There are 
clearly lessons to be learned from anti-HIV treatment in the development of 
therapies for HCV. 

As described above, the NS5B protein is an RNA polymerase that lacks 
proofreading capacity and has a high mutation rate.92-93 Because of this, a 
large number of mutated variants are produced during infection. Addition-
ally, the use of antiviral agents will lead to selection for resistant variants, 
which will limit the efficacy of long-term use of these agents. Indeed, viral 
strains showing resistance to monotherapy using NS3 protease inhibitors 
have been reported in vivo both for electrophilic inhibitors,94-95 and product-
based inhibitors.34  
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An interesting theory presented by Romano et al. is that resistance against 
protease inhibitors develops when the inhibitor protrudes from the natural 
substrate envelope. Thus, inhibitors that fit inside the natural substrate enve-
lope will be less sensitive to mutations, as mutations that do develop within 
the natural substrate pocket will also aggravate binding of the natural sub-
strate.96 

Apart from strains resistant to NS3 protease inhibitors, variants resistant 
to NS5B inhibitors34 and NS5A inhibitors91 have also been detected in vitro. 

When discussing mutant substitutions the general format AXB is used, 
where A denotes the code for the amino acid which is substituted, X denotes 
the position in the amino acid sequence, and B the code for the amino acid 
which is formed. In Figure 15, a cross-resistance representation of NS3 pro-
tease inhibitors (depicted in Figures 11 and 13). As can be seen, some resis-
tance mutations are selected by the electrophilic class of inhibitors, while 
others are more commonly selected by product-based inhibitors. Some cases 
of cross-resistance are independent of inhibitor class (R155K/T/Q, A156S, 
A156T/V, and V170A/T).34 

 
Figure 15. Cross-resistance representation of NS3 protease inhibitors with mutations 
detected in in vitro studies (squares) and in vivo studies (circles).34  

The protease inhibitors shown in Figure 15 are both electrophilic- and prod-
uct-based, and are either acyclic telaprevir, boceprevir and BI 201335), or 
macrocyclic (BILN 2061, vaniprevir, danoprevir, and TMC435), and can 
appear to be quite diverse. However, these inhibitors share one common 
feature in that they have a proline (Pro), or a proline mimic (TMC435) in the 
P2 position. 
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Several research groups have suggested that the P2 residue is a major fac-
tor in the reduced efficacy against resistant mutants, and that alternative P2 
residues are required to circumvent resistance.96-98  

Apart from the P2 residue, Örtqvist et al. have suggested that the combina-
tion of a P2 proline and P1 vinyl ACCA (Figure 16) seems to cause a major 
problem regarding resistance to a tripeptide series of HCV NS3 protease 
inhibitors.99 

 
Figure 16. The combination of P2 proline and P1 vinyl ACCA which is highly opti-
mized for inhibition of the wild-type enzyme is highly affected by A156T and 
D168V substitutions. 

The problem of drug resistance in anti-HCV therapy has already been re-
ported, and the development of new direct-acting antiviral agents targeting 
HCV should be given the highest priority. Moreover, treatment will probably 
have to be conducted using combinations of drugs directed towards different 
viral targets. 
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2 Aims 

This work was part of an ongoing project with the long-term aim of design-
ing and synthesizing peptidomimetic inhibitors of the HCV NS3 protease. 
During the time that this thesis covers a great deal has happened in the field 
of HCV. For instance, two NS3 protease inhibitors have progressed from 
Phase II clinical trials to the market. This has also brought about greater 
awareness of the emergence of drug-resistant strains, which is an expected 
consequence when dealing with viral diseases. 

The overall aim of this work was: 
 

 to develop a novel class of HCV NS3 protease inhibitors, with 
motifs different from the highly optimized P2-P1 building block 
Pro-vinyl ACCA combination, possessing a unique resistance pro-
file. 

To obtain this goal, the specific objectives of this project were: 
 

 to explore potential optimization points for HCV NS3 inhibitors 
based on a phenylglycine in the P2 position, 

 
 to introduce conformational constraint in phenylglycine-based 

HCV NS3 protease inhibitors, thereby allowing the investigation 
of the bioactive conformation of such inhibitors, and 

 
 to develop synthetic strategies for realization of the inhibitors in-

cluded in the above stated aims. 
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3 Previous Research on which this Work Was 
Based 

3.1 Acyl Sulfonamides as Carboxylic Acid 
Bioisosteres 

The discovery that the NS3 protease was inhibited by its own N-terminal 
cleavage products,49-50 encouraged our group to explore carboxylic acid bioi-
sosteres incorporated at the C-terminal of hexapeptidic scaffolds. Bioisos-
teres can be defined as groups or molecules with similar physical and chemi-
cal properties, which produce a similar biologic response.100 During this 
exploration, it was found that phenyl acyl sulfonamides produced more po-
tent inhibitors than the carboxylic acid and tetrazole bioisostere (Figure 
17).66 

 
Figure 17. Inhibitory potencies (Ki) of carboxylic acid bioisosteres in the C-terminal 
of a pentapeptide scaffold. 

An additional benefit of using acyl sulfonamides is the possibility of easily 
modifying the substituent and elongating it into the prime side. Thus, acyl 
sulfonamides were chosen as C-terminal moieties in later projects. 
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3.2 Microwave-Assisted Generation of Acyl 
Sulfonamides 

An important part of medicinal chemistry projects is the ability to synthesize 
building blocks in a facile, rapid manner. The introduction of microwave-
heating has considerably speeded up synthesis in combinatorial and medici-
nal chemistry.101 Using a microwave-assisted palladium-catalyzed protocol 
with molybdenum hexacarbonyl as a solid carbon monoxide source, Wu et 
al. were able to produce aryl acyl sulfonamides in excellent yields in only 15 
minutes (Figure 18).102 

 
Figure 18. General protocol for the microwave-assisted synthesis of aryl acyl sul-
fonamides. 

This protocol was utilized in later studies on the production of P1-P1´ build-
ing blocks containing aryl acyl sulfonamides. 

3.3 Phenylglycine as a P2 Substituent 
During further work on hexapeptide A (Figure 9) by Ingallinella et al., and 
investigation of structure-activity relationships (SAR) at the P2 position, it 
was revealed that phenylglycine (Phg) is the most suitable of the aromatic 
amino acids as a P2 substituent.103 The potential of phenylglycine was 
strengthened by our group when it was incorporated into a tetrapeptide scaf-
fold and compared to the more commonly used P2 residue proline (Figure 
19). 

 
Figure 19. Inhibitory potencies of tetrapeptidic scaffolds containing proline (left) 
and phenylglycine (right) in the P2 position. 
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The pre-eminence of Phg as a P2 residue was ascribed, by molecular model-
ing, to its possibility of forming a -stacking interaction with the catalytic 
His57 and a hydrogen bond from the Phg NH to the Gln526 of the helicase; 
interactions which could not be achieved by a P2 proline moiety. 

Encouraged by these results, Örtqvist et al. investigated the use of Phg as 
a P2 substituent throughout a large series of tripeptide P2 phenylglycine-
based inhibitors combined with various P3 residues, substituents on the 
phenylglycine, and P1-P1´ blocks utilized previously in proline-based 
series.104-105 Additionally, P3-P1 macrocyclic inhibitors were included in the 
series (Figure 20). 

 
Figure 20. Series of tripeptidic inhibitors based on a P2 phenylglycine scaffold. 

The findings from this series revealed that fragments that are beneficial in 
combination with a P2 proline, such as the commonly used vinyl ACCA, 
were not as optimal for P2 phenylglycine-based inhibitors, although, the acyl 
sulfonamide generated more potent inhibitors than the carboxylic acid, in 
agreement with the findings discussed in Section 3.1. It was also shown that 
a large quinolinyl-oxy P2 substituent was advantageous. Because of the ten-
dency of Phg to racemize, three inhibitor pairs could be obtained as the L- 
and D-epimers. Finally, P3-P1 macrocyclization increased potency.106 

A beneficial feature was revealed when one compound from this series 
was biochemically evaluated on A156T, D168V, and R155Q mutated vari-
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ants of the protease, as this inhibitor was able to retain potency on the mu-
tants.107 

These were the starting points for the work presented in this thesis.  

3.4 Design Strategies 
3.4.1 Paper I 
It was hypothesized that incorporation of an aryl acyl sulfonamide as a P1-
P1´ motif could be of interest to generate novel compounds with reduced 
peptide character. Thus, utilizing the microwave-assisted palladium-
catalyzed protocol discussed in Section 3.2, this motif was incorporated into 
a P2 proline-based scaffold, as illustrated in Figure 21. 

 
Figure 21. P2 proline-based scaffold comprising an aromatic P1 moiety. 

3.4.2 Paper II 
Since a beneficial -interaction had been proposed between the P2 Phg and 
the catalytic His57 we reasoned that this interaction could be strengthened 
by increasing the -cloud with a vinyl substituent on the Phg (Figure 22). 
Furthermore, elongated alkenylic acyl sulfonamides were chosen to serve as 
handles for future ring closure between P2 and P1´. 
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Figure 22. Vinylated P2 phenylglycine-based inhibitors with alkenylic P1´ elonga-
tions. 

3.4.3 Paper III 
The molecular modeling of inhibitors described in Paper II indicated prox-
imity between the alkenylic sulfonamide substituent and the P2 phenylgly-
cine. Thus, we envisioned that ring closure between P2 and P1´ using ring-
closing metathesis would lock the inhibitor in its bioactive conformation, 
thereby reducing the loss of entropy upon binding. Furthermore, we hoped 
that this would lead to inhibitors with higher potency (Figure 23). 

 
Figure 23. P2-P1´ macrocyclic phenylglycine-based inhibitors. 

3.4.4 Paper IV 
In the study described in Paper IV, the synthetically demanding quinolinyl-
oxy P2 substituent was replaced by a pyrimidinyl-oxy substituent. This sub-
stitution simplified the synthesis dramatically and also enabled vinylation of 
the P2 substituent. Combined with diversely vinylated building blocks a se-
ries of different macrocycles was obtained through ring-closing metathesis. 
In this series, the aromatic P1 moiety was also utilized and compared to P1 
norvaline (Figure 24). 
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Figure 24. Diversely vinylated and macrocyclized P2 phenylglycine-based inhibi-
tors. 

3.4.5 Paper V 
During the biochemical evaluation of the inhibitors described in Paper IV, it 
was found that P3 truncated compounds retained some inhibitory activity. A 
series of P3 truncated inhibitors, based on only one amino acid was synthe-
sized, in which the influence of the position of the acyl sulfonamide, and the 
P2 capping group was examined (Figure 25). 

 
Figure 25. P3 truncated inhibitors based on only one -amino acid. 

N
H

H
N

O

H
NO

S

O

N

N

O O
P3

O
H
N

O

O

P3-P2

P2-P1'

P2-P1'

P3-P1'

O

N
N

O

N
H

H
N

O N
H

S
R

O
O O

R =

CF3

Cap



 37

4 Synthesis 

This chapter describes the synthetic methods applied for assembly of the 
HCV NS3 protease inhibitors synthesized during the period covered by this 
thesis covers. The inhibitors are not presented chronologically, but in a way 
so as to give a holistic perspective of the synthetic strategies employed. 

To aid the reader, the peptide coupling steps described in this chapter are 
depicted in Figure 26. The coupling of the proline-based inhibitors starts 
with the preformed P3-P2 building block onto which the P1 block is coupled 
in an N-to-C direction. In the last step the P1´ block is coupled to the P3-P2-
P1 block formed. 

For phenylglycine-based inhibitors coupling is performed in the C-to-N 
direction, starting with coupling of the P1 and P1´ building blocks. The rea-
son for this is to avoid racemization of the phenylglycine. In the next step, 
the P2 residue is coupled to the P1-P1´ building block formed giving a P2-P1-
P1´ block. The last step involves coupling of the P3 block. 

 
Figure 26. Peptide coupling steps, for proline-based and phenylglycine-based inhibi-
tors, described in this chapter. 

4.1 Synthesis of P2 Proline-based Inhibitors 
The P3-P2 proline-based building block 1 was synthesized according to a 
previously published patent68 and was coupled to ester-protected aminoben-
zoic acid moieties using N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-
b]pyridine-1-yl-methylene]-N-methylmethanaminium hexafluorophosphate 
N-oxide (HATU) as coupling reagent, and N,N-diisopropylethylamine 
(DIEA) as base (Scheme 1), to obtain compounds 2-4. Coupling of 1 with 2-
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aminophenylacetic acid under the same conditions gave compound 5. Cou-
pling was performed in CH2Cl2 under dry conditions, as coupling was un-
successful when dimethylformamide (DMF) was used as solvent. The yields 
were good considering the poor nucleophilicity of anilines. Subsequent ester 
hydrolysis of compounds 2-5 gave carboxylic acid inhibitors 6-9. 

 

Scheme 1.  

 

The coupling of 1 with 2-, 3-, and 4-bromoaniline using the same conditions 
as described in Scheme 1, yielded compounds 10-12 (Scheme 2). For the 
synthesis of compounds 13-14 comprising substituents on the aromatic P1, 
other coupling conditions had to be utilized because the previously used 
coupling conditions were unsuccessful. The method used was adapted from a 
protocol in which the very weak nucleophile para-nitroaniline was used in 
amide bond formation, and involved phosphorus oxychloride in pyridine at   
-15 °C.108 
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Scheme 2.  

 

The acyl sulfonamide functionality was introduced using a microwave-
assisted, palladium-catalyzed amidocarbonylation protocol.102 The protocol 
includes the use of the thermostable catalyst Herrmann’s palladacycle109 in 
combination with Fu salt,110 Mo(CO)6 as a solid, convenient carbon monox-
ide source, and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as base. With the 
aid of microwave heating, inhibitors 15-25 (Scheme 2) could be obtained in 
only 15 min. 
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4.2 Synthesis of Acyclic P2 Phenylglycine-based 
Inhibitors 

4.2.1 Synthesis of P2 Building Blocks 
The synthesis of the acyclic P2 phenylglycine-based inhibitors started with 
building of the different P2 blocks. The P2 substituent 4-chloro-7-methoxy-2-
phenyl-quinoline (26) (Scheme 3) was synthesized as described previously.68 
The pyrimidine-based substituent 4,6-dichloro-2-phenylpyrimidine (27) was 
obtained commercially, while 4-chloro-6-methoxy-2-phenylpyrimidine 
(28)111 was obtained by refluxing 27 with sodium methoxide in methanol. 

Scheme 3.  

 

4-hydroxy-L-phenylglycine was brominated112 giving compound 29 as the 
hydrobromide salt. After Boc protection113 of 29 and 4-hydroxy-L-
phenylglycine, compounds 30 and 31 were obtained. A nucleophilic aro-
matic substitution reaction between 30 and 26 gave, after precipitation, qui-
nolinyl-oxy substituted compound 32. The reaction was extremely slow and 
had to be stirred at 64 °C for 6½ weeks. An attempt to speed up the reaction 
by increasing the temperature led to loss of the Boc group and decarboxyla-
tion. The same nucleophilic aromatic substitution reaction between 30 or 31, 
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and 27 or 28 gave pyrimidinyl-oxy-substituted compounds 33-35 in a much 
shorter time. 

A microwave-assisted Suzuki reaction114 performed on compounds 32, 
33, and 35, using 2,4,6-trivinylcyclotriboroxane pyrimidine complex, Fu 
salt, potassium carbonate in water and dimethoxyethane gave the vinylated 
P2 building blocks 36-38 (Scheme 4.). Phenylglycine has a tendency to ra-
cemize during Suzuki reactions,115 thus, compounds 36 and 37 were obtained 
as partly racemized product mixtures. Chiral HPLC (high-performance liq-
uid chromatography) analysis of compound 36 showed a 2:1 enantiomeric 
ratio, where the enantiomer in excess was assumed to be the L-enantiomer. 
The fact that 37 was partly racemized was confirmed after the introduction 
of an additional stereocenter in later coupling reactions, which gave a similar 
ratio of diastereomeric products as 36 after later couplings. Conversely, no 
signs of racemization were observed with P2 block 38. 

Scheme 4.  

 

4.2.2 Synthesis of P1-P1´ Building Blocks 
Synthesis of the major part of the P1-P1´ building blocks was performed by 
peptide coupling of commercially available Boc-protected norvaline, Boc 
protected L-cyclopropylalanine (Cpa), or Boc protected 2-, 3-, and 4-
aminobenzoic acid with sulfonamides which were either synthesized follow-
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The amino acids were activated by carbonyldiimidazole (CDI) in dry tet-
rahydrofuran (THF) for 1 h before addition of the sulfonamide and DBU. 
This procedure generated P1-P1´ building blocks 39-43 and 45-50 
(Scheme 5). The coupling reactions were generally fast and completed 
within 1-2 hours, with the exception of compound 50, which required 3 days 
for completion. Compound 44 was synthesized from 43 through a Suzuki 
reaction using the same conditions as described in Scheme 4. The Suzuki 
reaction had to be performed on the P1-P1´ acyl sulfonamide block 43, as 
attempts to perform it directly on the 2-bromophenyl sulfonamide were un-
successful. 

Scheme 5.  

 

Synthesis of the P1-P1´ building blocks containing a 4-(trifluoromethyl) 
phenyl sulfonamide was unsuccessful using the coupling conditions de-
scribed in Scheme 5. Instead, a carbonylative approach was undertaken us-
ing the conditions developed by Wu et al.102 using 2-, 3-, and 4-
bromoaniline, Herrmann’s palladacycle, Fu salt, DBU and Mo(CO)6 
(Scheme 6). The obtained yields were better than expected considering the 
free amine functionality on the aniline. 
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Scheme 6. 

 

4.2.3 Synthesis of the P2-P1-P1´ Building Blocks and Inhibitors 
In the first assembly step of phenylglycine-based inhibitors, the P2 building 
block is preferably coupled to the preformed P1-P1´ building block. This is 
due to the tendency of phenylglycine to racemize during coupling. Thus, the 
protecting group on phenylglycine is retained until the last step, in which the 
P3 block is coupled, and oxazolone formation followed by racemization is 
thus minimized. 

Assembly of the P2 and P1-P1´ building blocks started with Boc deprotec-
tion of the P1-P1´ building blocks 39-42 and 44-50 using 4.0 M HCl in 1,4 
dioxane. Thereafter, P2 building blocks 34 and 36-38 were coupled with P1-
P1´ building blocks 39-42 and 44-53, using HATU and DIEA, giving com-
pounds 54-71. The P1-P1´ building blocks comprising an aromatic P1 moiety 
were coupled in dry CH2Cl2 at 45 °C, while the other P1-P1´ blocks with non-
aromatic P1 residues were coupled in DMF at room temperature (Scheme 7). 
Of the compounds produced, inhibitors 62-70 were evaluated in a biochemi-
cal assay. 
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Scheme 7.  

 

4.2.4 Capping Group Exchange 
The influence of the capping group was investigated in inhibitors 65 and 69. 
Compound 65 was Boc deprotected and coupled with cyclopentyl chloro-
formate to yield inhibitor 72 (Scheme 8). Boc deprotection of 69 gave inhibi-
tor 73, which was further coupled with the electrophiles t-butylisocyanate, 
acetyl chloride, 4-morpholine carbonyl chloride, and nicotinyl chloride hy-
drochloride. This yielded inhibitors 72-77 (Scheme 8). 
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Scheme 8.  

 

4.2.5 Synthesis of Tripeptidic Inhibitors 
To obtain the tripeptidic inhibitors 78-92 (Scheme 9), P2-P1-P1´ compounds 
54-62, 64-66, and 68-70 were coupled to Boc-protected L-tertleucine (Boc-
L-tLeu), which constitutes one of the P3 building blocks. Both the L- and D-
diastereomers could be obtained in most cases by purification using HPLC. 
This resulted in inhibitors 78-92 (Scheme 9), which were all biochemically 
evaluated. 
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Scheme 9.  

 

Compound 62 was also coupled to P3-block Boc-2-amino-8 nonenic acid, 
using HATU as coupling reagent and 4-methylmorpholine as base, giving 
inhibitor 93 (Scheme 10).  

Compound 67 was instead coupled to N-[(But-3-en-1-yloxy)carbonyl]-3-
methyl-L-valine119 (Scheme 10). The Boc deprotection of 67 had to be per-
formed using trifluoroacetic acid (TFA) in CH2Cl2 as deprotection with HCl 
in dioxane resulted in the addition of HCl over the pyrimidine vinyl. Also, 
during purification a byproduct with a mass of m/z+ [67+28] with similar 
retention time to the product complicated purification and is an explanation 
to the low yield. 
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Scheme 10.  

 

The P2 building block 38 was also coupled in an inverse fashion, meaning 
that the P3 building block was coupled before the P1-P1´ block (Scheme 11). 
To achieve this, 38 was transformed into methyl ester 95 under mild condi-
tions.120 Deprotection with TFA in CH2Cl2, to avoid HCl addition over the 
pyrimidine vinyl, and coupling with N-[(But-3-en-1-yloxy)carbonyl]-3-
methyl-L-valine gave the P3-P2 building block 96. After hydrolysis of 96 and 
coupling with the P1-P1´ building block 39, inhibitor 97 could be obtained 
both as the L- and D isomers. 

During the last coupling step several byproducts were formed. According 
to LC-MS analysis, there are indications that breakdown of the P3-P2 block 
occurs during coupling. This is also reflected by the poor yield of inhibitors 
97L and 97D.  
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Scheme 11.  

 

4.3 Synthesis of Macrocyclic Phenylglycine-based 
Inhibitors 

4.3.1 Synthesis of 19-membered P3-P2 Macrocyclic Inhibitors 
The divinyl ester compound 96 was also used as a key compound for the 
synthesis of P3-P2 macrocyclic inhibitors. By treating compound 96 with 
Hoveyda-Grubb’s 2nd catalyst in trifluorotoluene and exposing it to micro-
wave irradiation, the 19-membered macrocyclic dipeptide 98 was formed 
through ring-closing metathesis with trans configuration over the double 
bond (Scheme 12). 

Ester hydrolysis of 98 and coupling to the P1-P1´ building blocks 39 and 
48 gave macrocyclic inhibitors 99 and 100 (Scheme 12). Interestingly, the 
decomposition observed during coupling of acyclic 96 did not occur for 
macrocyclic 98, neither could any racemization be observed after ester hy-
drolysis. 
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Scheme 12.  

 

4.3.2 Synthesis of 20-21-membered P3-P2 Macrocyclic 
Inhibitors 

Divinyl inhibitor 93 was used as a precursor for P3-P1´ macrocyclic inhibi-
tors. Initial attempts to ring close 93 after silica purification, using the same 
conditions as described in Scheme 12, resulted in large amounts of dimeric- 
and polymeric material. 

Comparison of 1H NMR spectra of 93 purified on silica gel, and 93 puri-
fied using HPLC (MeCN/H2O (0.05% HCOOH)) revealed a shift in the aro-
matic P1 protons. This was seen as an indication that 93 adopts another con-
formation after treatment with formic acid. Thus, it is proposed that the in-
ternal hydrogen bond of 93 is altered upon acid treatment (Figure 27). 

 
Figure 27. The proposed internal hydrogen bond of compound 93 and variations in 
1H NMR shifts after purification using silica- and HPLC. 
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After this discovery, 93 was dissolved in acetonitrile, water and formic acid 
and lyophilized with the expectation that the internal hydrogen bond would 
be destabilized and 93 would adopt a conformation which is more suitable 
for macrocyclization between P3 and P1´. 

As seen in Figure 28, formation of dimer and trimer byproducts was sup-
pressed in macrocyclization when 93 was treated with acid prior to the reac-
tion and one equivalent acid during ring closure, which was performed using 
Hoveyda-Grubb’s 2nd catalyst in trifluorotoluene (Scheme 13). 

 
Figure 28. LC-UV chromatograms (254 nm) of crude products after ring closure of 
93. Above: 93, Hoveyda-Grubb’s 2nd catalyst, trifluorotoluene; Below: 93, Hoveyda-
Grubbs 2nd catalyst, trifluorotoluene, and formic acid. 

During HPLC purification both the L- and D-isomeric inhibitors 101L and 
101D could be isolated as well as the ring-contracted analog 102 in a di-
astereomeric mixture. The fractions from HPLC purification containing 
product mixtures were pooled and reduced using palladium on charcoal in 
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methanol. Thus, reduced inhibitors 103L and 103D were obtained as well as 
their ring-contracted analog 104 (Scheme 13). 

Scheme 13.  

 

4.3.3 Synthesis of 14-16-membered P2-P1´ Macrocyclic 
Inhibitors 

Compounds 54-56, 58 and 59 were used as starting materials for P2-P1´ mac-
rocyclic inhibitors giving 14-16 membered macrocycles. Several products 
were formed during ring closure, so for simplicity the product isomers have 
been numbered according to their precursor followed by a letter, where a 
denotes the main product (Scheme 14). 

Three different methods were used for the ring closure of 54-59: a) 
Grubb’s 2nd catalyst and toluene at 85 °C; b) Grubb’s 2nd catalyst and 
trifluorotoluene with microwave irradiation at 110 °C; and c) Hoveyda-
Grubb’s 2nd catalyst, para-benzoquinone, 1,2-dichloroethane and microwave 
irradiation at 130 °C. It was found that the different starting materials re-
quired different treatments to close the ring. For example, compound 58 
gave only trace amounts of ring-closed product with all methods, compound 
56 required microwave heating (method b) to close the ring, while treatment 
of compound 54 by method b) resulted in both ring contraction and double-
bond migration. The picture was further complicated by the fact that the 
majority of the products were formed as both the L- and D-isomers with both 
cis and trans configuration over the double-bond. 

To investigate the influence of the method used on the outcome of the re-
action, compound 55 was ring closed with all the above mentioned methods. 
The ratios of the isomers were determined by analysis of the crude ring-
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closed material on a chiral HPLC column using the peak area of each iso-
mer. The results showed that all methods gave approximately the same 
amounts of the isomers (Figure 30). 

After ring closure, the crude products from 54-56 and 59 were Boc depro-
tected and coupled with Boc-L-tLeu to yield the P2-P1´ macrocyclic inhibi-
tors 54a-59c. Inhibitors 55d and 59d were obtained by reduction of a mix-
ture of 55a and 55c, and 59d, respectively (Scheme 14). 

Although the different isomers had similar retention times on HPLC and 
separation was sometimes very difficult, isolation was possible. Using eluent 
systems based on acetonitrile and water with the addition of 0.05% formic 
acid, 0.1% TFA or 25 mM ammonium acetate (giving a buffer with pH 6.3) 
thus altering the state of the isomers from zwitterionic to the TFA- or am-
monium salts, depicted in Figure 29, was a successful approach. It should be 
mentioned that repeated HPLC separation with different eluent systems was 
sometimes required, which is reflected by the low isolated yields of the in-
hibitors. 

 
Figure 29. The isomers exist as either the TFA or ammonium salts depending on the 
HPLC eluent system used. When using MeCN/H2O (0.05% HCOOH) the isomers 
are in the zwitterionic state. 
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Scheme 14.  
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4.3.4 Synthesis of 15-membered P2-P1´ Macrocyclic Inhibitors  
A similar kind of macrocyclization of the same kind to that described above 
was performed using inhibitor 63, comprising an aromatic P1, as starting 
material. Ring closure proved to be complicated, as conversion of 63 was not 
total and gave some polymeric and ring-contracted material besides the 15-
membered macrocyclic inhibitor 105 (Scheme 15) which was only obtained 
as the cis isomer. Further Boc deprotection of 105 and coupling with Boc-L-
tLeu gave macrocyclic inhibitor 106 (Scheme 15). 

Scheme 15.  

 

4.3.5 Synthesis of 20-21-membered P2-P1´ Macrocyclic 
Inhibitors 

Another type of P2-P1´ macrocyclization, between the P2 substituent and P1´ 
was performed using compounds 67 and 71. During ring closure precipitates 
of polymeric material were formed, which were more pronounced in ring 
closure of 67 with an aromatic P1. Thus, it appears to be more difficult to 
close the ring in compounds comprising an aromatic P1 moiety. Compounds 
67 and 71 yielded products 107 and 108, respectively (Scheme 16).Boc de-
protection of 107 and 108 and coupling with Boc-L-tLeu yielded inhibitors 
109 and 110 (Scheme 16). 
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Scheme 16.  
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5 Structure–Activity Relationships 

The following chapter summarizes the inhibitory activities and in some cases 
results from a cell based assay of the inhibitors described in Chapter 4. In 
this chapter the inhibitors are summarized according to which paper they 
belong in why the numbers are not always in ascending order. 

5.1 Assays  
5.1.1 Inhibition Assay 
The inhibitory activity of the synthesized inhibitors was measured in an in 
vitro assay containing the full-length NS3 (protease-helicase/NTPase) pro-
tein. Viral mRNA from a patient infected with HCV genotype 1a was used 
as a template for the synthesis of cDNA. The cDNA coding for residues 
1027-1657 of the polyprotein was amplified and ligated into an expression 
vector construct called pBAD-HisNS3. The vector was transformed into 
Escherichia coli and expressed as full-length NS3 protein containing an N-
terminal histidine tag, which was thereafter purified.  

The inhibition assay measures the enzyme’s capability to hydrolyze the 
depsipeptide substrate Ac-DED(EDANS)EEAbu -
[COO]-ASK(DABCYL)-NH2, which emits fluorescence upon hydrolysis. 

Briefly, 1 nM of the enzyme is pre-incubated with 25 µM of 2K-NS4a, a 
peptide (KKGSVVIVGRIVLSGK) containing a fragment corresponding to 
the activating region of NS4a, in 50 mM HEPES, pH 7.5, 10 mM DDT, 40% 
glycerol, 0.1% n-octyl- -D-glucoside, and 3% DMSO for 10 min at 30 ºC. 
After this, inhibitor is added and incubated for an additional 10 min before 
the substrate is added and the reaction is started. Inhibition was measured 
with at least six different inhibitor concentrations, in triplicate, and the inhi-
bition constant for inhibitor binding (Ki) was calculated by non-linear regres-
sion analysis using the equation: Ki = IC50 (1+[S] Km) or by fitting the data 
to the equation:  = Vmax [S] (Km(1+[I] [Ki]+[S]).121 

5.1.2 A156T and D168V Inhibition assays 
Some inhibitors were evaluated on A156T and D168V amino-acid-
substituted variants of the NS3 protease corresponding to drug-resistant mu-
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tants (Figure 15, p. 28). The amino acid substitutions were introduced into 
the gene coding for NS3 using the polymerase chain reaction with specific 
primers for A156T and D168V. Expression of the mutant genome, purifica-
tion of the mutated forms of the protein and inhibition measurements were 
performed as described in Section 5.1.1. To compensate for the change in 
kinetic properties of the enzyme caused by the amino acid substitutions, 
vitality values were used for the comparison of the inhibitors’ Ki values on 
mutated and wild-type enzyme. A vitality value >1 indicates that the substi-
tution is favorable for the mutated enzyme in the presence of inhibitor, while 
a value <1 means that the mutation is disfavored compared to the wild-type 
enzyme, in the presence of the inhibitor.107 

5.1.3 Cell-based Assay 
A replicon system is a model system for replication of the genome coding 
for the non-structural proteins in a cellular environment. The replicon RNA 
contains the genome coding for the non-structural proteins and a neomycin 
resistance gene which simplifies the selection of transfected cells. The inter-
nal ribosome entry site (IRES) of HCV controls the expression of the neo-
mycin (Neo) resistance gene, while the IRES of the encephalmyocarditis 
virus (EMCV) controls the expression of the non-structural proteins (Figure 
31). Some inhibitors were evaluated in a cell-based replicon system in which 
the Huh-7 cell line is transfected with an HCV RNA genotype 1b32 construct 
(pFKI389luc/NS3-3´/ET) including a luciferase reporter gene. 

Before the assay, the cells were trypsinized and plated in a 96-well plate. 
The next day, inhibitors were added to the cells at different concentrations 
and incubated for 48 hours. The luciferase activity was measured after lysis 
of the cells. EC50-values were determined as the concentration of inhibitor 
required to decrease the luciferase signal by 50%.61 

 
Figure 31. Schematic representation of the HCV subgenomic replicon genome.32 

5.1.4 Molecular Modeling 
For the molecular modeling studies, the crystal structure of the full-length 
HCV NS3 protein was used (1CU1).39 In the crystal structure, the active site 
is occupied by the NS3 helicase C-terminal. By manually deleting residues 
624-631, the active site was made available for docking studies. 
The inhibitors were built in Maestro (Schrödinger 2011), and induced fit 
docking was carried out using FLO (QXP 200605).122 To restrict translation 
of the ligands from the active site four hydrogen bond constraints were used: 
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between the P3 carbonyl to the NH of Ala157, between NH of P1 to the car-
bonyl oxygen of Arg155 and between the P1 carbonyl oxygen to the NHs of 
Gly137 and Ser139. These hydrogen-bond constraints correspond to key 
interactions between inhibitor and protein in the HCV active site. For each 
inhibitor, 10 unique binding poses were generated using 2000 or 6000 Monte 
Carlo perturbations. Among the 10 generated poses, the most plausible was 
chosen by visual inspection. 

5.2 Hepatitis C Virus NS3 Protease Inhibitors 
Comprising a Novel Aromatic P1 Moiety (Paper I) 

The majority of HCV NS3 protease inhibitors are based on peptide scaffolds. 
The drawbacks of using peptides as drugs are their instability and poor 
bioavailability, as mentioned above. Additionally, the introduction of chiral 
amino acids, with the potential to racemize, can hamper the synthesis and 
result in poor yields. In our endeavor to find novel HCV NS3 protease in-
hibitors with reduced peptide character which are distinct from the well-
explored Pro-vinyl ACCA scaffold we decided to focus on alternative P1 
moieties. 

An aromatic P1 moiety enables several synthetic modifications which are 
not possible for non-aromatic moieties, and it is also achiral, which would 
reduce the peptide character. Moreover, it is an alternative residue to the 
widely used vinyl ACCA. Hence, we chose to introduce an aromatic P1 
fragment substituted with carboxylic acids or acyl sulfonamides since an 
acidic C-terminal functionality is important for inhibition. The inhibitory 
potencies for the synthesized inhibitors are shown in Tables 1 and 2. 
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Table 1. Inhibitory potencies of HCV NS3 protease inhibitors comprising an aro-
matic P1 moiety. 

 
Compound Position R Ki ± SD (µM) 

1 - - 66 ± 30 

6 ortho -COOH 5.0 ± 1.5 

7 meta -COOH 6.8 ± 2.5 
8 para -COOH 12 ± 5 
9 ortho -CH2COOH 17 ± 5 

10 ortho -Br 3.9 ± 0.6 
11 meta -Br 1.4 ± 0.3 
12 para -Br 1.8 ± 0.3 
15 ortho -CONHSO2Ph 0.83 ± 0.11 
16 meta -CONHSO2Ph 0.78 ± 0.15 

17 para -CONHSO2Ph 1.1 ± 0.2 

SD, Standard deviation. 

Compound 1, comprising only the P3-P2 block was a poor inhibitor with a Ki 
of 66 µM. Inhibitors 6-8 comprising an aminobenzoic acid P1 moiety had 
inhibitory potencies of 5.0, 6.8 and 12 µM for the ortho, meta and para 
compounds, respectively. Elongation by one carbon to ortho compound 9 
gave a less potent inhibitor (17 µM). 

Interestingly, the aryl bromides gave more potent inhibitors than the ben-
zoic acids, with Ki values of 3.9, 1.4 and 1.8 µM for the ortho, meta and 
para compounds, respectively. This indicates that the carboxylic acids are 
not interacting with the protease in a favorable manner. 

The introduction of phenyl acyl sulfonamides in the ortho, meta and para 
positions gave inhibitors that were 6-11 times more potent than the corre-
sponding carboxylic acids. Surprisingly, the regioisomers displayed a similar 
inhibitory potency. Although the ortho, meta and para regioisomers were 
generally equipotent we decided to continue investigating the SAR of the 
ortho regioisomers by varying the sulfonamide substituents. The reason for 
choosing the ortho isomer was that molecular modeling studies had been 
performed on the isomer, and the fact that the ortho isomer bears the closest 
resemblance to an -amino acid. 
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Table 2. Inhibitory potencies of HCV NS3 protease inhibitors comprising an aro-
matic P1 moiety. 

 
Compound R1 R2 R3 Ki ± SD (µM) 

15 -H -H 0.83 ± 0.11 

18 -H -H 5.9 ± 1.1 

19 -H -H 2.0 ± 0.3 

20 -H -H 0.61 ± 0.09 

21 -H -H 1.2 ± 0.2 

22 -H -H 0.31 ± 0.05 

23 -H -H 0.92 ± 0.15 

24 -CH3 -H 3.2 ± 0.4 

25 -H -CF3 0.35 ± 0.05 

SD, standard deviation. 

Various alkyl (18-19), a benzyl (20) and aromatic (15-21) sulfonamide sub-
stituents were included in the SAR study. Compounds 18 (Ki = 5.9 µM), 
with a methyl substituent, and 19 (Ki = 2.0 µM), with the commonly used 
cyclopropyl substituent (see Figure 11, p. 25) were less potent than the initial 
inhibitor 15 bearing a phenyl substituent. Elongation by one carbon to the 
benzyl compound 20 gave a slightly more potent inhibitor (Ki = 0.61 µM), 
while introduction of a para methoxy group as in inhibitor 21 led to less 
inhibitory potency (Ki = 1.2 µM). The tiophenyl substituent gave inhibitor 23 
(Ki = 0.92 µM), which was equipotent to 15. The most beneficial substituent 
proved to be the 4-(trifluoromethyl)phenyl, which rendered inhibitor 22, the 

O

CF3

S
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most potent inhibitor in the series (Ki = 0.31 µM). Interestingly, introducing 
a trifluoromethyl group at the aromatic P1, para to the acyl sulfonamide as in 
inhibitor 25 gave an inhibitor equipotent to 22 (Ki = 0.35 µM). The electron 
withdrawing character of the CF3 group could perhaps increase the acidity of 
the acyl sulfonamide enhancing the inhibitory potency. A methyl substituent 
ortho to the aniline nitrogen of the aromatic P1 as in inhibitor 24 (Ki = 3.2 
µM) was not beneficial. 

Molecular modeling of inhibitor 15 (Figure 32) showed that the aromatic 
P1 is positioned nicely above Phe154 of the S1 pocket, allowing a possible T-
shaped edge-to-face hydrophobic interaction123 between the aromatic P1 
moiety and Phe154. This interaction can explain why aryl bromides 10-12 
still have a weak inhibitory activity on the protease. 

 
Figure 32. Compound 15 (green) docked in the NS3 protease active site of the full-
length HCV NS3 protein. The protease residues Gln41, Lys136 and Phe154 are 
displayed as gray sticks. The hydrogen bond distance between Lys136 and one of 
the sulfone oxygens is 1.9Å. The distance between the other sulfone oxygen and 
Gln41 is 2.4Å and 2.7Å. 

Modeling further shows that the P1 carbonyl does not interact with the 
oxyanion hole, which could provide an explanation of the weak inhibitory 
potency of the aryl benzoic acid 6. However, by introduction of an acyl sul-
fonamide the sulfone oxygens can form hydrogen bonds with the Lys136 
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and Gln41 residues of the protease and may provide an explanation of the 
increased inhibitory activity of the acyl sulfonamide inhibitors. 

In summary, inhibitors comprising an aromatic P1 moiety were synthesized 
and biochemically evaluated. The SAR revealed optimization points around 
the aromatic P1 moiety and at the sulfonamide substituent. 

5.3 Improved P2 Phenylglycine-based Hepatitis C 
Virus NS3 Protease Inhibitors with Alkenylic 
Prime-side Substituents (Paper II) 

Phenylglycine had previously been evaluated as an alternative P2 substituent 
to the more commonly used proline. It was proposed that the phenylglycine 
could form a -stacking interaction with the catalytic His57 and that phenyl-
glycine-based inhibitors attained a different binding mode than proline-based 
inhibitors since fragments optimized for proline-based inhibitors did not 
benefit the phenylglycine inhibitors. Moreover, one phenylglycine-based 
inhibitor was able to retain potency on R155Q, A156T and D168V mutated 
variants of the protease.107 Thus, we considered phenylglycine-based inhibi-
tors to have a huge potential, but in need of optimization.  

The aromatic nature of phenylglycine invites chemical modifications, and 
we decided to strengthen the Phg-His57 -interaction by the introduction of 
a vinyl substituent in the 3-position of the phenylglycine. This vinyl sub-
stituent could also function as a handle for forthcoming macrocyclization 
using ring-closing metathesis. 

We were inspired to initiate a study of P2-P1´ macrocyclized inhibitors 
when both molecular modeling and the crystal structure of danoprevir69 indi-
cated the proximity of the P2 and P1´ substituents. Thus, structures compris-
ing a vinylated phenylglycine in the P2 position and alkenylic P1´ substitu-
ents were synthesized to serve as macrocyclization precursors with a poten-
tially strengthened His57 interaction in their acyclic state. The inhibitory 
potencies of the synthesized inhibitors are shown in Table 3. 
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Table 3. Inhibitory potencies of HCV NS3 protease inhibitors with alkenylic prime-
side substituents. 

 
R Cmpd Ki ± SD (µM) EC50 (µM) Cmpd Ki ± SD (µM) EC50 (µM) 

 78L 0.063 ± 0.009 >10 78D 0.048 ± 0.002 8.9 

 79L 0.12 ± 0.03 >10 79D 0.10 ± 0.01 4.7 

 

80L 0.33 ± 0.06 nd 80D 0.19 ± 0.04 nd 

 

81L 0.29 ± 0.04 nd 81D 0.13 ± 0.02 nd 

 

82L 0.12 ± 0.02 >10 82D 0.047 ± 0.006 5.4 

 

83L 0.14 ± 0.04 >10 83D 0.035 ± 0.002 3 

 
84La 0.50 ± 0.1 nd    

Cmpd, compound; SD, standard deviation; nd, not determined; a P1 = Cpa. 

Compounds 81L and 81D encompassing phenyl sulfonamide substituents 
exhibited Ki values of 0.29 µM and 0.13 µM, respectively. More potent in-
hibitors were obtained by elongation of the phenyl substituent with either a 
vinyl into compounds 82L (Ki = 0.12 µM) and 82D (Ki = 0.047 µM) or an 
allyl into compounds 83L (Ki = 0.14 µM) and 83D (Ki = 0.035 µM). 

The same trend was seen for the allyl elongated cyclopropyl sulfonamide 
substituent used in inhibitor 80L (Ki = 0.33 µM) which gives a 1.5-fold more 
potent inhibitor than inhibitor 84L. It should be noted however, that these 
inhibitors have different P1 residues and comparisons should be made with 
care. It is noteworthy that the inhibitors encompassing cyclopropyl sulfona-



 65

mide substituents were the least potent in this series although the cyclopro-
pyl is a commonly used sulfonamide substituent.69-73,79 

Comparison of elongated inhibitors 78 and 79 revealed that a pent-4-enyl 
substituent led to a 2-fold increase in potency compared to the hex-5-enyl 
substituent. Although the differences are not striking, the D-isomer inhibitors 
were more potent than their L-analoges throughout the series. Also, only the 
D-inhibitors show cell activity, which is remarkable considering that these 
inhibitors are acyclic and flexible. 

Molecular modeling of compounds 78L and 78D shows that the phenyl-
glycine can be included in a -stacking interaction with the catalytic His57 
(Figure 33). However, inhibitor 78D has its vinyl more involved in the -
interaction with His57, which might explain the slightly improved potency 
of the D-isomer inhibitors. It was also seen by modeling that inhibitors 78L 
and 78D can adopt a c-clamp conformation in analogy with an X-ray crystal 
structure of a P2-P4 macrocyclic inhibitor published by Venkatraman et al.124 
This shape causes interactions between the P1´ alkenylic side-chain and 
Lys136 which is thus immobilized. 

 
Figure 33. Overlay of compounds 78L (green) and 78D (pink) docked in the active 
site of the NS3 protease of the full-length NS3 protein. Both P1 carbonyls occupy the 
oxyanion hole and both inhibitors exhibit a phenylglycine -interaction with His57. 
For 78D the vinyl is more involved in the -overlap with His57. The inhibitors can 
also adopt a c-clamp shape, which immobilizes Lys136 through hydrophobic inter-
actions with the P1´ alkenylic elongations. 



 66 

Evaluation of some inhibitors towards the A156T and D168V mutated forms 
of the protease revealed that the inhibitors possessed a vitality value around 
1, meaning that they were able to retain their activity against the mutants 
(Table 4). BILN 2061 is included in the table for comparison and, as can be 
seen, it is highly affected by the amino acid substitutions. 

Table 4. Inhibition of the A156T and D168V variants of the full-length HCV NS3 
protease by HCV NS3 protease inhibitors with alkenylic prime-side substituents.  

Compound 
A156T 

Ki ± SD (µM)
V 

D168V 
Ki ± SD (µM)

V 

78L 0.18 ± 0.02 0.9 0.14 ± 0.01 1.0 
78D 0.086 ± 0.02 0.9 0.38 ± 0.03 6.2 
79L 0.38 ± 0.08 1.6 0.39 ± 0.07 2.5 
79D 0.27 ± 0.06 1.4 0.53 ± 0.04 3.0 
82L 0.25 ±0.07 1.1 0.45 ± 0.06 2.8 
82D 0.18 ± 0.01 0.9 0.23 ± 0.03 2.0 

BILN 2061107 0.12 1600 0.20 3200 

SD, standard deviation; V, vitality values. 

The combination of a vinyl-substituted phenylglycine with alkenylic P1´ 
substituents proved to be beneficial, resulting in inhibitors of good potency 
and with a different resistance profile from proline-based inhibitors. 

5.4 P2-P1´ Macrocyclization of P2 Phenylglycine-based 
HCV NS3 Protease Inhibitors Using Ring-closing 
Metathesis (Paper III) 

Many successful inhibitors of the HCV NS3 protease that are in clinical tri-
als are macrocyclic. Macrocyclization is an established strategy in peptide 
chemistry for restricting the peptide conformation, increasing stability and 
reducing the polarity, thereby leading to more druggable compounds.125 
Thus, macrocyclization is a very attractive approach in drug development. 

The proximity between P2 and P1´ which inspired us to initiate the study 
of P2-P1´ macrocyclic inhibitors is further visualized in Figure 33 where the 
distances between the P1´ substituent and the 3-position of the phenylglycine 
are 4.7Å and 6.1Å for the L- and D-inhibitors, respectively. Furthermore, this 
was a novel type of macrocyclization which, to our knowledge, had not been 
explored when this project was initiated. With the precursors available, this 
opened up the possibility of the synthesis of 14-16 membered, differently 
substituted, macrocycles (Table 5). 

Although the vinyl and the P1´ substituents point in different directions in 
the model we reasoned that macrocyclization would give an opportunity to 
test the hypothesis of the beneficial vinyl-His57 interaction and hopefully 
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gain some useful information on the bioactive conformation of these inhibi-
tors.  

Table 5. Inhibitory potencies of 14-16 membered macrocyclic inhibitors of the HCV 
NS3 protease. 

 
Compound Ring Size Configuration R Ki ± SD (µM) 

54e 14 cis CH2 0.14 ± 0.02 

54f 14 trans, dbm CH2 0.22 ± 0.02 
56a 14 cis cyclopropyl 0.11 ± 0.02 
56b 14 cis, D-Phg cyclopropyl 0.87 ± 0.1 
59b 14 cis phenyl 0.17 ± 0.04 
59c 14 trans phenyl 0.15 ± 0.04 
54a 15 cis CH2 0.39 ± 0.03 
54b 15 trans CH2 0.24 ± 0.02 
54c 15 cis, D-Phg CH2 0.76 ± 0.1 
54d 15 cis:trans 1:2, dbm CH2 0.47 ± 0.05 
59a 15 cis phenyl 0.19 ± 0.05 
59d 15 saturated phenyl 0.25 ± 0.04 
55a 16 trans CH2 0.94 ± 0.1 
55b 16 trans, D-Phg CH2 0.71 ± 0.07 
55c 16 cis CH2 0.32 ± 0.04 

55d 16 saturated CH2 0.57 ± 0.08 

SD, standard deviation; dbm, double-bond migration. 

The general trend among the P2-P1´ macrocyclic inhibitors is that the 14-
membered macrocycles are more potent than the 15-membered macrocycles, 
which are in turn more potent than the 16-membered macrocycles. All P2-P1´ 
macrocyclic inhibitors displayed potencies in the upper nanomolar range, 
and only inhibitor 56a (Ki = 0.11 µM) gained 3-fold in potency as the result 
of ring closure compared to its acyclic analog 80L (Ki = 0.33 µM, Table 3). 
The loss of potency for the macrocycles compared to their acyclic precursors 
was largest for the D-inhibitors 56b (Ki = 0.87 µM), 54c (Ki = 0.76 µM) and 
55b (Ki = 0.71 µM), which lost 4.5-, 16-, and 7-fold in potency compared to 
their acyclic analoges 80D, 78D, and 79D (Table 3). The larger decrease in 
potency for the D-inhibitors can probably be ascribed to interference with the 
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vinyl-His57 interaction, which is destroyed upon macrocyclization. This 
might also be an explanation of why the potency of most of the L-inhibitors 
decreased when the P2 phenylglycine was twisted out of its interaction with 
His57 by macrocyclization. 

5.5 Diversely Vinylated Acyclic 
Pyrimidinyloxyphenylglycine-based Inhibitors of 
the HCV NS3 Protease and Corresponding 
Macrocycles (Paper IV) 

The results presented in Paper III indicated that P2-P1´ macrocyclization was 
not beneficial, probably due to a disruption of the beneficial Phg-His57 in-
teraction. 

A considerable drawback of the inhibitors described in Paper II and III 
was the synthesis of the quinolinyloxy-substituted P2 building block which 
was difficult and very slow. We thus searched for alternative P2 substituents 
that would simplify the synthesis. We found 4,6-dichloro-2-
phenylpyrimidine to be a suitable option for a P2 substituent since it enabled 
diversification at the 6-position of the pyrimidine. 

We envisioned the possibility of introducing a vinyl substituent at the 6-
position of the pyrimidine, which, in combination with the alkenylic building 
blocks in our possession, would allow a diverse macrocyclization scan (Fig-
ure 34). Also, we were further encouraged when the structure of P3-P2 mac-
rocyclic vaniprevir was published71-72 (Figure 11, p. 25). 

 

 
Figure 34. Possible macrocyclizations derived from the diversely vinylated building 
blocks described in Paper IV. 

N
H

H
N

O

H
NO

S

O

N

N

O O
P3

O
H
N

O

O

P3-P2

P2-P1'

P2-P1'

P3-P1'



 69

Only one example had been published previously in which a P2 phenylgly-
cine was used in combination with an aromatic P1 moiety.99 Since the results 
indicated that this combination was beneficial, we decided to include aro-
matic P1 moieties in this study. A series of diversely vinylated P2 pyrimid-
inyloxyphenylglycine-based acyclic inhibitors and their macrocyclic 
analoges were thus synthesized and biochemically evaluated. The inhibitory 
potencies of the synthesized inhibitors are shown in Tables 6-10. 

Table 6. Inhibitory potencies of diversely vinylated acyclic HCV NS3 protease 
inhibitors. 

 
Compound R1 R2 R3 P1 n Ki ± SD (µM) 

62 Boc H MeO 1 0.60 ± 0.14 

63 Boc vinyl MeO 0 0.37 ± 0.06 

64 Boc vinyl MeO 1 0.19 ± 0.02 

67 Boc H vinyl 1 0.22 ± 0.02 

85La vinyl MeO 1 0.29 ± 0.06 

85Da vinyl MeO 1 0.12 ± 0.04 

86L H MeO 1 0.095 ± 0.01 

87L vinyl MeO 1 0.026 ± 0.003 
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Compound R1 R2 R3 P1 n Ki ± SD (µM) 

87D vinyl MeO 1 0.033 ± 0.003 

93 
 

H MeO 1 0.23 ± 0.03 

94 H vinyl 

 

1 0.11 ± 0.01 

97L H vinyl 

 

1 0.53 ± 0.09 

97D H vinyl 

 

1 0.42 ± 0.06 

SD, standard deviation; a P2 substituent = 7-methoxy-2-phenylquinolinyl-4-oxy. 

Compounds 85L and 85D, employing a 7-methoxy-2-phenylquinoline-4-oxy 
P2 substituent had Ki values of 0.29 µM and 0.12 µM, respectively. Using a 
6-methoxy-2-phenylpyrimidin-4-oxy P2 substituent instead gave inhibitors 
87L (Ki = 0.026 µM) and 87D (Ki = 0.033 µM), which displayed a 4-11-fold 
improvement in potency, thus demonstrating the benefit of the pyrimidine-
based P2 substituent. 

The beneficial effect of the phenylglycine vinyl is also seen when com-
paring inhibitors 62 (Ki = 0.60 µM) and 64 (Ki = 0.19 µM), where a 3-fold 
improvement in potency was seen for the vinylated inhibitor 64. This may be 
due to strengthening of the -interaction between the phenylglycine and the 
catalytic His57. 

Inhibitor 97L (Ki = 0.53 µM) encompassing a norvaline P1 is 5-fold less 
potent than inhibitor 94 (Ki = 0.11 µM) with an aromatic P1. This shows the 
potential of the aromatic P1 when combined with a pyrimidinyl-oxy-
substituted phenylglycine. This is probably due to the above-mentioned 
possible T-shaped edge-to-face interaction of the aromatic P1 moiety with 
Phe154 of the S1 pocket. 

The most intriguing result is that inhibitor 64 (Ki = 0.19 µM), which con-
tains only the P2-P1´ building blocks exhibited a reasonable potency. Addi-
tionally, its tripeptide analoges 87L and 87D reach potencies of the same 
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magnitude as IncivekTM and VictrelisTM (Figure 13) which have been re-
leased on the market. 

Table 7.  

 
Compound P1 Ki ± SD (µM) 

99 1.6 ± 0.3 

100 0.39 ± 0.08 

SD, standard deviation. 

P3-P2 macrocyclization of inhibitors 97L and 94 into their respective macro-
cyclic analoges 99 (Ki = 1.6 µM) and 100 (Ki = 0.39 µM) led to a 3-3.5-fold 
reduction in inhibitory potency (Table 7). This provides another example 
that macrocyclization is not beneficial for potency. However, the beneficial 
contribution of the aromatic P1 moiety was once again shown by comparison 
of 99 and 100. Here, a 4-fold increase in potency is seen when an aromatic 
P1 was used instead of a P1 norvaline.  

The expectations regarding inhibitors 99 and 100 were higher considering 
that molecular modeling showed a perfect overlap of 100 with vaniprevir 
(Figure 35). 
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Figure 35. Overlay of inhibitor 100 (green) and vaniprevir (pink) docked in the 
active site of the NS3 protease of the full-length NS3 protein. Protease residues 
His57, Lys136, Gly137 and Phe154 are shown in gray. The hydrogen bond distance 
between the P1 carbonyl and Lys136 is 2.1Å, and that between the sulfone oxygen 
and the NH of Gly137 is 2.5Å. 
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Table 8. Inhibitory potencies of P3-P1´ macrocyclic inhibitors of the HCV NS3 
protease. 

 
Compound Ring Size Ki ± SD (µM) 

101L 21 0.11 ± 0.02 
101D 21 0.08 ± 0.009
102 20 0.22 ± 0.01

103L 21 saturated 0.11 ± 0.01
103D 21 saturated 0.11 ± 0.01

104 20 saturated 0.13 ± 0.02 

SD, standard deviation. 

The P3-P1´ macrocyclic compound 101L (Ki = 0.11 µM) (Table 8) is an ex-
ample of when macrocyclization is beneficial for potency, although the in-
crease in potency was only 2-fold compared to the acyclic precursor 93 (Ta-
ble 6, Ki = 0.23 µM). Otherwise, the P3-P1´ macrocyclic inhibitors display 
similar potencies whether they are saturated or not, with a small preference 
for the 21-atom non-saturated macrocycles. 

Modeling of the 101L and its acyclic precursor 93 (Figure 36) shows that 
the inhibitors overlap ideally. Furthermore, both the macrocyclic linker of 
the macrocyclic inhibitor and the alkenylic P3 and P1´ side chains of the 
acyclic inhibitor exhibit hydrophobic interactions with Lys136. 
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Figure 36. Inhibitors 93 (pink) and 101L (green) docked in the NS3 protease active 
site of the full-length HCV NS3 protein. The protease residues Lys136, Gly137 and 
Ser139 are shown as gray sticks. Both the macrocyclic linker of 101L and the al-
kenylic P3 and P1´ side chains of 93 interact with Lys136. 

Table 9. Inhibitory potencies of P2-P1´macrocyclic HCV NS3 protease inhibitors 
comprising an aromatic P1 moiety. 

 
Compound R1 Ki ± SD (µM) 

105 Boc 1.3 ± 0.3 

106 0.63 ± 0.1 

SD, standard deviation. 

It is yet again shown that P2-P1’ macrocyclization is not beneficial when 
inhibitor 63 (Ki = 0.37 µM) is ring closed into inhibitor 105 (Ki = 1.3 µM) 
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which shows a 3.5-fold reduction in potency (Table 9). Addition of a P3 
block into inhibitor 106 (Ki = 0.63 µM) gives a 2-fold improvement in po-
tency compared to 105. 

Table 10. Inhibitory potencies of P2-P1´macrocyclic inhibitors of the HCV NS3 
protease. 

 
Compound P1 Ki ± SD (µM) 

109 0.66 ± 0.2 

110 2.4 ± 0.3 

SD, standard deviation. 

Macrocyclizations between the P2 substituent and P1´ gave inhibitors 109 
and 110, which differed only in the P1 moiety (Table 10). Again it was seen 
that an aromatic P1 moiety such as in inhibitor 109 (Ki = 0.66 µM) is benefi-
cial for potency when comparing with the P1 norvaline inhibitor 110 (Ki = 
2.4 µM). 

Inhibitor 101D was also evaluated on A156T and D168V amino acid substi-
tuted variants of the enzyme (Table 11). As shown in Figure 15 (p. 28), all 
macrocyclic product-based inhibitors confer resistance against the D168 
substitution. However, the macrocyclic product-based inhibitor 101D is able 
to retain a reasonable (V = 3.0) potency against the D168V mutant, which 
further indicates that this class of inhibitors possesses a unique resistance 
profile. 
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Table 11. Inhibition of the A156T and D168V substituted variants of the full-length 
HCV NS3 protease. 

Compound 
A156T 

Ki ± SD (µM)
V 

D168V 
Ki ± SD (µM)

V 

101D 0.16 1.7 0.60 3.0 

SD, standard deviation. 

In summary, the results presented in Paper IV show that the acyclic inhibi-
tors are generally more potent than their macrocyclic analoges. In one case, 
when the macrocycle connects the P3 and P1´ residues the macrocyclic in-
hibitors display a higher potency than their acyclic analog. This is probably 
the pose with the highest resemblance to the bioactive conformation. It 
should be noted, however that only a quick macrocycle scan was performed, 
and a more thorough investigation including different ring sizes would have 
to be made to draw any definite conclusions. 

The beneficial effects of the pyrimidinyl-oxy P2- and the aromatic P1 sub-
stituents have been demonstrated. Most encouraging was the fact that the 
acyclic inhibitors containing only the P2-P1´ blocks demonstrated such good 
inhibitory potency.  

5.6 Novel Peptidomimetic HCV NS3 Protease 
Inhibitors Spanning the P2-P1´ Region (Paper V) 

It was shown in Paper IV that the combination of a vinylated P2 phenylgly-
cine with a pyrimidinyloxy substituent containing an aromatic P1 moiety 
gave potent tripeptidic inhibitors of the HCV NS3 protease. It was also 
shown that inhibitors lacking the P3 substituent still had reasonable inhibi-
tory activity. These results were encouraging in our endeavor to find smaller, 
less peptide-like compounds and we decided to further explore this inhibitor 
class of inhibitors based on only one -amino acid. 

Our approach was to explore the importance of the acyl sulfonamide posi-
tion around the aromatic P1. As P1´ substituents, the 4-
(trifluoromethyl)phenyl and pent-4-en-yl substituents, which had been found 
to be beneficial before, were used. Additionally, an N-capping group scan 
was performed on the meta regioisomers. The inhibitory potencies of the 
synthesized inhibitors are shown it Tables 12-14 
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Table 12. Inhibitory potencies of acyclic tripeptidic inhibitors of the HCV NS3 
protease.  

 
Compound R1 Position R2 Ki ± SD (µM) 

87L vinyl ortho 0.026 ± 0.003 

87D vinyl ortho 0.033 ± 0.003 

88L vinyl meta 0.088 ± 0.01 

88D vinyl meta 0.10 ± 0.01 

89L vinyl para 0.096 ± 0.02 

89D vinyl para 0.11 ± 0.02 

90L vinyl ortho 0.045 ± 0.005 

91L vinyl meta 0.024 ± 0.003 

92L vinyl para 0.030 ± 0.004 

92D vinyl para 0.030 ± 0.004 

SD, standard deviation; nd, not determined. 

For the tripeptidic inhibitors comprising a pent-4-enyl P1´ substituent a slight 
fall in potency was observed for the meta isomers 88L (Ki = 0.088 µM) and 
88D (Ki = 0.10 µM) and the para isomers 89L (Ki = 0.096 µM) and 89D 
(0.11 µM) compared to ortho isomers 87L (Ki = 0.026 µM) and 87D (Ki = 
0.033 µM) (Table 12). No apparent difference in potency was noted between 
the stereoisomers. For the inhibitors with a 4-(trifluoromethyl)phenyl P1´ 
substituent, the meta- and para isomers were slightly more potent than the 
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ortho isomer. Overall, the position of the acyl sulfonamide had no large im-
pact on potency which is surprising. 

Table 13. Inhibitory potencies of HCV NS3 protease inhibitors based on one -
amino acid. 

 
Compound R1 R2 Position R3 Ki ± SD (µM) 

64 MeO vinyl ortho 0.19 ± 0.02 

65 MeO vinyl meta 0.21 ± 0.04 

66 MeO vinyl para 0.22 ± 0.03 

68 MeO vinyl ortho 0.24 ± 0.05 

69 MeO vinyl meta 0.058 ± 0.005 

70 MeO vinyl para 0.046 ± 0.005 

SD, standard deviation. 

For inhibitors without P3 substituent comprising a pent-4-enyl P1’ substitu-
ent, the ortho, meta and para isomers 64-66 were equipotent, with Ki values 
of 0.19 µM, 0.21 µM and 0.22 µM, respectively (Table 13). For the inhibi-
tors with a P1´ 4-(trifluoromethyl)phenyl substituent it was found that the 
meta isomer 69 (Ki = 0.058 µM) and para isomer 70 (Ki = 0.046 µM) were 
more potent than the ortho isomer 68 (Ki = 0.24 µM). Modeling of inhibitor 
69 (Figure 37) shows that the aromatic P1 moiety is situated nicely in the S1 
pocket, and that the P1 carbonyl interacts with the oxyanion hole. Addition-
ally, interaction of the Boc carbonyl with Ala157 and -stacking of the P1´ 4-
(trifluoromethyl)phenyl with Gln41, an interaction that was also seen in a 
previously published X-ray crystal structure of an -ketoamide inhibitor,126 
might contribute to the increased potency. It is possible that these interac-
tions cannot be obtained by the ortho isomer. 
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Figure 37. Inhibitor 69 docked in the NS3 protease active site of the full-length 
HCV NS3 protein. The protease residues Gln41, Gly137, Ser139, Phe154 and 
Ala157 are shown as gray sticks. The hydrogen bond distances between the P1 car-
bonyl and Gly137 and Ser139 are 2.1Å and 2.0Å, respectively and between the Boc 
carbonyl and Ala157 2.2Å. An additional -interaction between the P1´ 4-
(trifluoromethyl)phenyl and Gln41 might contribute to the improved potency. 
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Table 14. Inhibitory potencies of HCV NS3 protease inhibitors based on one -
amino acid. 

 
Compound Cap R1 Ki ± SD (µM) 

65 Boc 0.21 ± 0.04 

72 0.13 ± 0.03 

69 Boc 0.058 ± 0.005 

73 H 1.2 ±0.2 

74 0.14 ± 0.02 

75 
 

0.70 ± 0.2 

76 0.59 ± 0.1 

77 
 

0.24 ± 0.05 

SD, standard deviation. 

The capping group scan revealed that the influence of the capping group is 
clearly of importance. For the inhibitors with a P1´ 4-(trifluoromethyl)phenyl 
substituent the Boc group is superior. Substituting the Boc group in inhibitor 
69 with a basic free amine, as in inhibitor 73 (Ki = 1.2 µM), led to a 20-fold 
decrease in potency. 

The tert-butyl urea is of the same size as the Boc group, but still gives a 
2.4-fold drop in potency (inhibitor 74, Ki = 0.14 µM) compared to 69. 

O

N
N

O

CapHN

H
N

O
N
H

O
S

R1

O O

O

O

CF3

CF3

N
H

O

CF3

O

CF3

N

O

O CF3

O

N
CF3



 81

Acetyl capping gave inhibitor 75 (Ki = 0.70 µM) and a 12-fold decrease in 
potency compared to 69, probably due to the reduced size of the acetyl group 
compared to the Boc group. The acyl morpholine cap and nicotinyl cap did 
not improve the potency compared to inhibitor 69, as seen from inhibitors 76 
(Ki = 0.59 µM) and 77 (Ki = 0.24 µM). 

Replacing the Boc group of inhibitor 65 (Ki = 0.21 µM) with a pent-4-
enyl P1´ substituent with another bulky capping group i.e. cyclopentyl car-
bamate, gave inhibitor 72 with a Ki-value of 0.13 µM. This shows the poten-
tial of the cyclopentyl carbamate as a capping group and poses the question 
of how such a substitution would appear on inhibitor 69.  

The meta inhibitors 69 and 91L were evaluated on A156T and D168V 
mutated variants of the protease, and were able to retain potency against the 
mutants with a slight preference of the P3 truncated inhibitor 69, which is 
encouraging. (Table 15). 

Table 15. Inhibition of the A156T and D168V substituted variants of the full-length 
HCV NS3 protease. 

Compound 
A156T 

Ki ± SD (µM)
V 

D168V 
Ki ± SD (µM)

V 

69 0.11 1.6 0.18 1.3 
91L 0.53 1.9 0.11 1.9 

In this series, the tripeptidic inhibitors displayed potencies in the same range 
as the HCV NS3 protease inhibitors that are now on the market. No apparent 
difference was noted between the different regio- and stereo- isomers. 

Inhibitors based on only one -amino acid displayed remarkably high po-
tencies. The capping group scan revealed the bulky Boc- and the cyclopentyl 
carbamate as promising capping groups. 
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6 Concluding Remarks 

The work presented in this thesis has contributed to a better understanding of 
the synthesis and SAR of inhibitors of the HCV NS3 protease. The focus 
was on the introduction and optimization of novel structural elements that 
are not commonly used in HCV NS3 protease inhibitors. The structural ele-
ments used enabled the synthesis of both acyclic and macrocyclic inhibitors. 
The main conclusions are presented below. 

 
 With P2 phenylglycine as a starting point, the following optimization 

points were found to potentiate the presented inhibitors. The combina-
tion of a vinylated pyrimidinyloxy phenylglycine in the P2 position with 
an aromatic P1 moiety was beneficial for potency. The 4-
(trifluoromethyl)phenyl P1´ moiety seem to be slightly more beneficial 
than the alkenylic P1´ moiety in combination with the aromatic P1. How-
ever, alkenylic P1´ elongations enabled macrocyclization through ring-
closing metathesis and led to an increase in potency compared to shorter 
P1´groups in combination with P1 norvaline. 

 
 
 Despite investigating several types of acyclic and macrocyclic inhibitors, 

no strong conclusive understanding of the bioactive conformation of 
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phenylglycinebased inhibitors was reached. However, indications how 
certain parts of the inhibitors interact with the protease is suggested from 
the inhibitory potencies and molecular modeling of the synthesized in-
hibitors.  

a) Macrocyclization was beneficial compared to the acyclic analoge 
only when the macrocycle connected the P3 and P1´ positions. 
Taken together, this indicate that alkenylic P1´ side chains take 
up the same space as a P3-P1´ macrocyclic linker and can thus 
function as a macrocycle mimic, possibly being able to interact 
with Lys136.  

b) The P2 L-Phg seems to -stack with the catalytic His57, whereas 
for the D-Phg the vinyl substituent contributes more to the same 
interaction. 

c) The aromatic P1 moiety can adopt a conformation where interac-
tions with the Phe154 of the S1 pocket are possible. 

d) The P1´ 4-(trifluoromethyl)phenyl group might form a -stacking 
interaction with Gln41. 

 
 The outcomes of the ring-closing metathesis reaction were more de-

pendent on the particular substrate, than on the actual reaction conditions 
for the macrocyclic inhibitors synthesized herein. Thermal heating was 
required in all cases, suggesting somewhat disfavored cyclizations, 
which was also reflected in formation of various amounts of byproducts 
such as polymerization, ring contraction and double-bond migration. 

 
 Synthesis of acyl sulfonamides could be successfully performed using 

CDI and DBU under special conditions and through palladium-catalyzed 
carbonylation. 

 
 The potential of the HCV NS3 protease developed in this work has been 

further strengthened by an almost equal inhibitory efficiency observed 
against the wild-type enzyme as against the drug-resistant A156T and 
D168V variants of the protease. 
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 From a drug development perspective, the smaller P3 truncated inhibitors 
which is based on only one -amino acid constitute interesting lead 
compounds for further optimization. Although, one should not forget the 
macrocyclic inhibitor 101 which may possess greater stability and cell 
permeability. Future evaluation of these inhibitor types are suggested 
and should include assessment on R155K substituted enzyme and phar-
macokinetic properties such as cell permeability and metabolic micro-
somal stability. Such studies are currently underway. 
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